Introduction
Availability of water influences the distribution and abundance of virtually all native plant species. A major portion of the earth's vegetation experiences water deficits on a regular basis (Schulze et al. 1987) . Much of the ecophysiological research has been focused on adaptation of arid-land plants to water deficits. We have generally assumed that stomatal regulation of gas exchange is not terribly important for plants that grow in wet environments (La Fleur 1988) , although it has been suggested that stomatal closure may reduce uptake of toxic ferrous iron in some wetland environments (Jones & Muthuri 1984) . Plants adapted to mesic environments are thought to have relatively low gas exchange rates compared to xeric species (Kubriske & Abrams 1994) . In addition, mesic species may reduce gas exchange more rapidly with the onset of water stress than do xeric species (Webber & May 1977) . How then do mesic species respond to environments with extended periods of water deficit?
The montane meadows of western North America provide a unique opportunity to study plant adaptations to a range of moisture conditions. Montane meadows are spatially and temporally diverse, and have steep environmental gradients (Harte et al. 1995) . The hydrologic cycle of montane meadows is heavily influenced by snowpack, thus there can be extreme fluctuations in water table levels over the season and among years (Cooper 1990) . The climate of far-western North America is characterized by a summer drought period. Species adapted to montane meadows of this region must cope with complete inundation during spring snow melt, followed rather quickly (sometimes within six weeks) by severe water deficits. The ecophysiology of species adapted to these meadows has received only limited attention (Smith 1985) .
We chose to study three graminoid species common to western montane moist meadows. The species represent three functional groups: grasses, sedges, and rushes. Although the ecological requirements of these species are not well defined, the grass is considered characteristic of well drained soils and the rush and sedge of heavy textured soils (Ratliff 1985) . The specific meadow we studied was bisected by a perennial stream and surrounded by mixed conifer forest. The three species we selected occupied a significant portion of the meadow gradient. Thus, we were able to compare gas exchange and water relations for each of the species growing at both streamside (2.5 m from the stream) and mid-meadow (20 m from the stream) locations. The streamside is a classic wet meadow type and the mid-meadow is an ecotone between wet and dry meadow vegetation. We hypothesized that: (1) water stress at mid-meadow would reduce gas exchange at that location relative to the streamside, and (2) compared to the rush and sedge, the grass species would exhibit gas exchange and water relations more typical of drought-tolerant species.
Methods

Study area
The study was conducted along Big Grizzly Creek in the northern Sierra Nevada (39° 56' 00" N, 120° 37' 00'' W, 1775 m elevation), about 15 km NW of Portola in Plumas County, California. Average annual precipitation for the area is 902 mm, and yearly precipitation has ranged from 403 to 1637 mm. The precipitation pattern is seasonal, with 85 % occurring between October and April (Fig. 1) . Precipitation from August 1 to July 31, was 1050 mm during 1988-1989; 658 mm during 1989-1990; and 667 mm during 1990-1991 (Blank et al. 1995) , and contain high levels of both clay and organic matter. We selected four 25 m × 100 m replicate blocks for the study. Each block contained about 25 m of stream and extended from the stream to the forest edge. The blocks were at least 50 m apart. Within each block we selected one streamside plot and one mid-meadow plot. The three study species, Juncus balticus, Carex nebrascensis, and Deschampsia cespitosa were present at both locations. All measurements were taken at both streamside and mid-meadow locations in each of the four blocks. 
Soil moisture and water table depth
Soil moisture was measured gravimetrically in 1989. Soil cores were collected at 0 -20 and 20 -40 cm depths, with a 5-cm diameter soil corer. During 1990, soil moisture was measured at 20 and 40 cm with a neutron probe (Model 503 Campbell Pacific Nuclear Corp., Martinez, California, USA) 1 . Gravimetric measurements from 1990 were used to calibrate the neutron probe. Gravimetric values were converted to volumetric soil moisture using a bulk density multiplication.
Water table depth was measured during 1990 and 1991 using perforated 4 cm polyvinyl chloride (PVC) tubes. The tubes were buried to a depth of 1.5 m and water table measurements were taken with a metal tape. Values were expressed as depth from the soil surface.
Gas exchange and xylem water potential
Photosynthesis, transpiration, and stomatal conductance were measured with an LI-6200 portable photosynthesis system (LI-COR, Inc., Lincoln, Nebraska, USA) equipped with 0.25-L leaf chamber. All measurements were made on upper canopy leaves exposed to full sunlight during early afternoon. Initial measurements indicated there was no midday stomatal closure for the species studied. Each leaf measurement was conducted over a 30-sec period. During that time the change in relative humidity and air temperature within the chamber was generally less than 3 % and 1.5°C, respectively. Ten to 15 minutes after the gas exchange measurements were made the leaves were excised and placed in a pressure chamber (Model 1000, PMS Instrument Company, Corvallis, Oregon, USA) to determine xylem water potential. Leaves were placed on moist paper towels and returned to the laboratory for measurement of leaf area with a LI-3000 area meter (LI-COR, Inc, Lincoln, Nebraska, USA). Within a block, on each measurement date we took one measurement for each of the study species at each location.
Plants to be sampled were selected at random each sampling date. There were five sampling dates from June through September of 1989, and nine sampling dates during May through September of 1990. The day after each sampling, we also measured predawn xylem water potential on one leaf per species/location/block combination.
Plant biomass and leaf area index
To estimate above-ground plant biomass, we clipped one 0.89 m 2 circular plot to 2 cm height at each location on July 16, 1990. We separated the plant material into the following categories: Carex nebrascensis, Juncus balticus, Deschampsia cespitosa, all graminoids, and total plant biomass.
Leaf area index (LAI) was determined for each of the three target species on 20 August, 1990. Plants were clipped to ground level in four 20 cm × 20 cm plots at each location. After harvest, plant material was placed on moist paper towels in zip-lock bags, in an ice chest and transported to the laboratory. Leaves of the study species were excised and scanned for area with an LI-3000 area meter. Leaf area index (LAI) is expressed as unit of leaf area per unit of ground area (m 2 /m 2 ).
Statistical analysis
The data were analyzed as a randomized complete block design (with four replications), with locations as a split-plot (e.g. Petersen 1985 ). We could not randomize location within a block. In the case of the physiological parameters and LAI, treatments consisted of locations (streamside and mid-meadow) and species (Carex nebrascensis, Juncus balticus, and Deschampsia cespitosa). Soil moisture and temperature values were analyzed by location. For variables measured over the course of the season there was one analysis in which time was added to the model as a factor, and additionally, each sampling time was analyzed separately to allow interpretation of time interactions. When species effect was significant, we used an LSD procedure to separate means. These analyses were conducted with the Statistical Analysis System, general linear models procedure (Anon. 1988) . We also used the general linear model procedure to determine the coefficients of correlation between physiological parameters.
Results
Soil moisture and water table depth
Soil moisture was statistically different (p < 0.05) among locations on some but not all of the sampling dates (Fig 2) . When averaged over the 1989 sampling period, soil moisture at the streamside and mid-meadow locations was 29.5 % and 25.7 %, respectively at 20 cm; and 34.2 % and 31.1 %, respectively at 40 cm. During 1990, streamside and mid-meadow locations averaged 30.7 and 31.8 %, respectively at 20 cm; and 38.0 and 36.9 %, respectively at 40 cm. During both years, there were highly significant (p < 0.001) date by location interactions at the 20 cm depth. The interaction was highly significant (p < 0.001) at the 40 cm depth during 1989, but only approached significance (p = 0.059) during 1990. The interaction during 1989 can be explained by the fact that soil moisture was higher at the streamside compared to mid-meadow location during July, but declined to similar or even slightly lower values by the end of the sampling period. During 1990, it appears the interaction is a result of a more rapid decline in soil moisture at the mid-meadow compared to streamside location during late June and July.
Water table depth was lower at the mid-meadow compared to the streamside location during most sampling dates (Fig. 3) . We included 1991 data to demonstrate that the relationship between the two locations was similar during 1990 and 1991. Unfortunately, we did not have water table tubes installed in time for the 1989 sampling period. Generally, this particular site is covered by snow until early-to-mid spring; during snow melt there is usually surface water at both locations for up to a month (generally part of April and early May). During 1990, water table depth for the two locations began to diverge in April, but a large precipitation event in mid-May increased both water tables to similar levels. After mid-May, the mid-meadow water table declined more rapidly than that at streamside. A similar pattern was evident in 1991, except that after the April peak the water table at both locations declined consistently during the course of the growing season. The midmeadow water table was generally 30 to 50 cm deeper than the streamside water table after late April.
Gas exchange and xylem water potential
Both location and species significantly affected predawn xylem potential (Ψ p ) and midday xylem potential (Ψ m ) ( Table 1) . As expected, Ψ m were more negative at the mid-meadow compared to streamside location (Table 1 ; Fig. 4) . The species ranking for Ψ m was different than we might have predicted from the gas exchange measurements. Although Juncus balticus had higher gas exchange rates than the other species (Table 1) , it had a less negative Ψ m . In fact, the average over the course of the study was nearly 1.0 MPa less negative for Juncus balticus compared to Deschampsia cespitosa. During the latter part of the growing season, Ψ m of Carex nebrascensis and Deschampsia cespitosa were generally more negative than -3.0 MPa, even at the streamside location. At the mid-meadow location there were several dates during which Ψ m was more negative than -4.0 MPa. During mid-September of 1990, Ψ m levels at the streamside also exceeded -4.0 MPa for Carex nebrascensis and Deschampsia cespitosa. This level of water stress appears rather high for plants growing in a wetland location. The three riparian species exhibited relatively high rates of photosynthesis, especially at the streamside location (Fig. 5) . Analysis of years individually or together yielded the same conclusions, i.e., that both locations and species were statistically different ( Table 1) . Rates of photosynthesis were higher at the streamside compared to the mid-meadow location, and the species ranking was Juncus balticus > Deschampsia cespitosa > Carex nebrascensis. This same ranking of species held for conductance and transpiration, but locations were not statistically different for either of these variables (Table  1) . In general, gas exchange rates tended to be highest in June and July, then declined in August and September.
There was a very low correlation between Ψ m and conductance for most species/ location combinations ( Fig  6; Table 3 ). Most conductance values above 500 mmol m -2 s -1 occur at Ψ m greater than -2.7 MPa. However, between Ψ m values of -1.5 and -2.0 MPa, conductance varied from 100 to 1100 mmol m -2 s -1 . Thus, it does not appear that Ψ m holds much potential for predicting gas exchange in these mesic graminoids. There was a more obvious relationship between conductance and photosynthesis ( Fig. 7; Table 3 ). At either streamside or midmeadow locations, the majority of variation in photosynthesis of all three species could be accounted for by conductance values.
Plant biomass and leaf area index
The streamside location yielded significantly more (p < 0.05) plant mass than the mid-meadow location on the July 16, 1990 sampling (475.5 ± 41.2 and 257.5 ± 31.2 g/m 2 , respectively). Leaf area index of the streamside location was nearly three times that of the mid-meadow location ( Table 2 ). The total in Table 2 is the sum of the three study species and is not an actual total for the location, however, the three species dominated plant composition at each location.
Discussion
The montane moist meadows of western North America are characterized by steep environmental gradients, which makes them a useful setting for studying plant water relations and gas exchange. The wetland setting is also appealing because there is relatively little information on gas exchange of wetland species (La Fleur 1988) . The montane meadows of western North American have the added dimension of summer drought, and the species that inhabit this setting must be able to cope with inundation for four to six weeks in the spring followed by three to four months of minimal precipitation (Fig. 1) , and clear, sunny conditions. We selected locations in the meadow that contained the same dominant species, but which represented a wet meadow (streamside) and a transition between wet meadow and dry meadow communities (mid-meadow). The differences between the locations are apparent from the LAI values (Table 2) , which were nearly three times higher at streamside compared to mid-meadow. We were surprised that soil moisture was not distinctly higher at the streamside location, and late in the season, . Relationship between midday xylem potential and conductance for the three study species growing at mid-meadow and streamside locations (n = 4 for each point).
Fig. 7.
Relationship between conductance and photosynthesis for the three study species growing at mid-meadow and streamside locations (n = 4 for each point).
was actually higher at mid-meadow than at streamside. The explanation may be that with similar transpiration per unit leaf area (Table 1) , and higher LAI, the streamside vegetation created more demand for soil moisture compared to the mid-meadow. Transpiration was measured only on unshaded upper canopy leaves, so we cannot directly calculate canopy water use, but it seems safe to assume that the streamside canopy would have higher overall water use relative to the midmeadow. Although average soil moisture was similar between the two locations (especially in 1990), plant water potential was generally more negative at the mid-meadow (Table 1, Fig. 4) . We suggest that the streamside plants were under less water stress than were mid-meadow plants because of water table depth. With the exception of the early portion of the growing season, the water table was 30 to 60 cm closer to the surface at the streamside compared to the mid-meadow (Fig. 3) . For fine-rooted graminoids, the additional distance to transport water may have reduced growth and increased water stress. Svejcar & Trent (1995) found that Carex nebrascensis experienced more water stress than Salix lemonii when the two species occupied the same site. These authors suggested that taproots of S. lemonii reached the water table and effectively supplied water to the leaves.
During a drought year, C. nebrascensis was apparently not able to reach the water table and experienced severe water stress (Ψ m < -5.5 MPa) (Svejcar & Trent 1995) . Groeneveld & Or (1994) studied a shrub-herbaceous ecotone underlain by shallow groundwater. They found that the water table in the ecotone fluctuated between 0.8 and 1.2 m; deeper water tables favored shrubs and shallower meadow vegetation. Groundwater may be more reliable than other sources of plant water (Ehleringer & Dawson 1992) .
The three species were characterized by very different physiological profiles. We initially hypothesized that Deschampsia cespitosa would exhibit characteristics more typical of drought tolerant species than would either Juncus balticus or Carex nebrascensis. This assertion is based on the observation that D. cespitosa is adapted to well-drained soils, and is considered a facultative wetland species, whereas the other species are adapted to heavier textured soils (Ratliff 1985) and are considered obligate wetland species (Reed 1988) . In fact, D. cespitosa did maintain lower Ψ m than the other species, which should allow extraction of soil moisture at lower water potentials. In this study all three species grew in soils that were relatively high in clay and not especially well-drained (Blank et al. 1995) . If a more negative plant water potential is an adaptation to welldrained (drought-prone) soils, the tendency carries over when D. cespitosa grows in heavier soils as well. In spite of the low Ψ m , D. cespitosa maintained gas exchange rates that were intermediate to the other two species (Table 1) . Of the species we studied, D. cespitosa exhibited the least reduction in leaf area from the streamside to mid-meadow (Table 2) .
In many aspects, the most interesting physiological comparison is between the two obligate wetland species, Juncus balticus and Carex nebrascensis. These two species are common not only in montane meadows, but also in a wide range of other wetland settings. J. balticus had higher rates of gas exchange than C. nebrascensis, yet Ψ m was consistently less negative for J. balticus (Table 1, Fig 6) . It appears that C. nebrascensis maintains a steady, but relatively low conductance and Ψ m declines when water is limiting (thus the large range in Ψ m ). On the other hand, J. balticus is capable of high conductance values, and apparently varies stomatal opening to maintain Ψ m within a narrower range. These two different gas exchange strategies help explain the poor correlation between Ψ m and conductance (Table 3) .
In a subsequent study at the Grizzly Creek site, Seeger (1993) also measured higher photosynthetic rates and lower water stress in J. balticus compared to C. nebrascensis. J. balticus may be efficient at moving moisture from the soil into the leaf. This species maintains a high level of conductance relative to the other species studied, yet stomatal water loss does not create the level of leaf water stress we would have expected. The high rates of photosynthesis and low water stress did not translate into a higher LAI for J. balticus compared to the other species (Table 2) .
There is limited research on either the growth characteristics or adaptations of the species we studied. We Table 3 . Coefficients of correlation (r) for the relationship between conductance (g) and photosynthesis (Ps) or midday xylem potential (Ψ m ) and conductance (g) for each species/ location combination. All coefficients of correlation were significant (p < 0.01) for g vs Ps, whereas none were significant (p > 0.10) for Ψ m vs g. know these species tend to have profuse rooting habits (Webber & May 1977; Manning et al. 1989) , however there is no data on above-ground/below-ground allocation patterns or response to environmental factors. The higher photosynthetic rates of Juncus balticus, higher Ψ m , and moderate levels of LAI might lead one to speculate that this species allocates a larger portion of its carbon budget to below-ground structures. A higher root length per unit of leaf area might also help explain how this species maintains high conductance with relatively low plant water stress.
Conclusions
The montane moist meadows of far western North American are relatively unique in that their annual water cycle includes complete inundation in the spring, followed by summer drought. The transition from inundation to drought can occur rapidly (in some cases, less than six weeks), and the summer drought period can last up to four months. Other wetlands also experience wet and dry cycles, but generally over a longer time frame.
We found that the three dominant graminoids in this system possessed different gas exchange strategies. However, the seasonal trends in gas exchange follow patterns we would expect for upland graminoids in this region. In the upland communities, early season gas exchange is limited by low air and/or soil temperatures and late season gas exchange is limited by soil moisture deficits (Smith & Nowak 1990) . Thus, in upland communities, there is a relatively short period with high rates of gas exchange; this response was also observed for the montane meadow species (Fig. 5) . The peak photosynthesis values for the montane meadow species (Fig. 7) are comparable to peak rates measured for upland bunchgrasses of the region (e.g. Anderson & Toft 1993) . The higher leaf area indices and above-ground biomass of the montane meadow graminoids compared to associated upland graminoids are likely a result of: (1) a longer period of peak gas exchange rates, and (2) less of a decline in gas exchange during the second half of the growing season (Fig. 5) . Many upland graminoids have very low gas exchange rates by early August and in some years are dormant by mid to late August. Thus, we suggest that the access to the water table during the last half of the growing season is the primary factor that functionally separates the montane meadow from associated upland ecosystems.
